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Introduction
The spinel ferrites contain a close-packed cubic Ž . structure of oxygen ions in which tetrahedral A and Ž . octahedral B interstitial sites are occupied by cations w x 1 . Zinc ferrite belongs to the class of normal spinels that presumably have a cation distribution of Ž 2q . ŽŽ 3q . . temperature. However, in special synthesis condi-Ž w x w x tions e.g. co-precipitation 2 , rapid quenching 3 w x. 3q and mechanochemical activation 4 , some Fe ions may occupy tetrahedral, as well as octahedral sites forming the inverse spinel structure. The strong super-exchange interaction among these sites results in an unusually high magnetization as compared to w x normal spinels 3 . A direct correlation was found between particle size and saturation magnetization: the finer the particles were, the more saturation w x magnetization could be measured 5, 6 . The relatively high magnetization of pure Fe O can be 3 4 further increased by Zn substitution, and the highest saturation magnetization ever found in spinel ferrites can be measured for zinc ferrous ferrites Ž . w x Zn Fe O where x F 0.5 7 . Ž . Radiofrequency RF thermal plasmas offer unique advantages for the synthesis of special ceramic powders due to the easily achievable high temperatures and energy densities. In addition, a high temperature gradient exists between the hot plasma flame and the surrounding gas phase. The resulting rapid quenching rate is favourable for producing fine particles with unstable structures in thermodynamic terms. In this paper, results on the thermal plasma synthesis of zinc ferrites and zinc ferrous ferrites are presented. 2 3 were thoroughly mixed in an agate mortar in a molar ratio of 2:1. v Ž . Fe NO P 6H O and ZnO, with FerZns 6:1 3 3 2 molar ratio, were dissolved in water. The pH of the solution was set to 9-10 by NH OH solu-4 tion. The precipitated hydroxides were washed with deionized water and dried at 808C.
The precursors were treated in a laboratory scale Ž . RF thermal plasma reactor 27 MHz, 1-7 kW connected to an air-cooled, two-stage powder collector w x Ž 8 . Argon was used as the central plasma gas 7 l y1 . Ž y1 . min and as the sheath gas 19 l min , as well. The powder was injected continuously into the Ž . plasma tail flame region by carrier gas argon or air passed through a fluidised and vibrated powder-bed. The oxide mixture and the co-precipitated hydroxides were calcined in air at 9008C for 6 h, to compare ferrites prepared in the plasma reactor with those obtained by the conventional ceramic processing.
The bulk chemical composition of dissolved sam-Ž . ples was analysed by ICP-AES Labtest PSX7521 . Surface chemical composition was characterised by Ž X-ray photoelectron spectroscopy XPS, Kratos . XSAM800 . The XP spectra were processed by w x Kratos Vision 2000 and XPS MultiQuant 9 software. Crystalline phases were identified by X-ray Ž . diffraction XRD using a Philips Xpert diffractome-Ž . ter and CuK radiation l s 0.15418 nm . The lata Ž . tice parameters a of the crystalline phases were determined from the positions of the diffraction peaks. The mean grain-size was calculated from the Ž . full widths at the half maximum FWHM of the most intensive diffractions according to the Scherrer's w x equation 10 . Scanning and transmission electron Ž . microscopic SEM and TEM analyses were performed by a JEOL JSN50A and a TESLA BS 540 apparatus, respectively.
Results and discussion
Sample preparation conditions and results of XRD analysis are collected in Table 1 . The X-ray diffractograms are shown in Figs The spinel composition was estimated by assuming the increase of lattice parameter due to Zn incorporation to be proportional with the Zn concentration. the condensation of oxide vapors. The small mean Ž . size of spinel grains D s 34 nm supports this assumption. During the plasma treatment of oxide precursor, the spinel formation was not completed. In addition to the unreacted ZnO, a high amount of Fe O was found in the product as well. We suppose 2 3 that the larger, aggregated grains could not decompose and evaporate because of their short residence Ž . time some milliseconds in the hot plasma region. The XRD pattern of the hydroxide-precursor prepared by co-precipitation showed an amorphous Ž Ž .. structure Fig. 2 A . Treatment of the given precursor in air at 9008C for 6 h resulted in the formation Ž Ž . . of ZnFe O phase Table 2 , sample 3, Fig. 2 B . 2 4 The FerZn molar ratio was 6:1 in the precursor powder. Hence, formation of Fe O could be at- 2 3 tributed to the excess of iron. The composition of zinc ferrites could hardly be influenced with the conventional ceramic technique, unless the oxygen partial pressure is maintained in an appropriate range. However, the thermal plasma treatment of co-precipitated hydroxides in argon atmosphere resulted in a spinel phase with an estimated composition of the case for zinc ferrous ferrites. All the zinc content of the precursor was incorporated into the ZnFe O 2 4 structure. However, some Fe O could be also de- 2 3 tected besides the spinels. SEM investigations showed similar mean grain Ž . sizes D to those calculated from the XRD profiles Ž . Ž . Fig. 4 . Both samples 3 conventional technique Ž . and 4 plasma treatment consisted of fine particles that formed agglomerates of 10-40 mm size. According to the TEM micrograph, the particle size of plasma-treated sample is in the range of 10-30 nm Ž . Fig. 5 .
Ž .
Surface structure of zinc-substituted spinels was extensively studied by low-energy ion scattering Ž . w x LEIS previously 2,11 . It was suggested that octahedral sites were exposed at the surface. Anantharaw x man et al. 2 reported much more zinc on the surface of a high surface area ZnFe O sample as 2 4 compared to a sample prepared by ceramic processing. Thus, they concluded that some zinc occupied octahedral sites in the sample prepared by co-precipitation. This finding was confirmed by Mossbauer spectroscopy as well. XPS, which gives information from more than one atomic layer on the surface, is not suitable to identify the inverse spinel structure from the surface zinc enrichment. Nevertheless, a significant chemical shift was measured between tetrahedrally and octahedrally coordinated Zn ions by w x XPS 12 .
Bulk and surface chemical compositions of our Ž . samples differed significantly Table 2 . The XPS Ž .
Ž . results indicated some surface enrichment of ZnO even in the sample prepared by conventional ceramic Ž . processing Table 2 , sample 1 . However, a much higher surface enrichment of ZnO was measured on the surface of plasma-treated samples. To remove the unreacted ZnO from sample 4, it was washed with diluted HCl solution. After washing, the ZnO molar ratio decreased both in the bulk and on the surface, but the SrB ratio was still 4:1. No significant chemical shift differences of the Zn 2p dublett could be measured in the samples. To explain the surface enrichment of Zn, we assumed spherical particles of zinc ferrite covered by a ZnO layer. Composition and size of these spherical grains were obtained from Ž . the XRD analysis Table 1 . Thickness of ZnO layer was calculated from the XPS intensity data by the XPS MultiQuant program. For the plasma-treated Ž . hydroxide precursor sample 4 , the high Zn surplus Ž . could be explained by a relatively thin 1.2 nm ZnO layer covering the zinc ferrite particles. This layer thickness is equal to about six molecular layers of ZnO. In the case of the sample prepared by conven-Ž . tional technique sample 1 and for the sample treated Ž a . by acid sample 4 , a ZnO layer thickness of 0.15 nm was calculated, being in the range of one molecular layer. In these samples, a partial surface coverage can be assumed. However, inhomogeneous distribution of zinc inside the grains is also possible in zinc ferrous ferrites, e.g. in sample 4 a where ZnO was removed from the surface by acid etching.
A formation of the inverse spinel structure due to special synthesis conditions is rather probable. How-Ž ever, other experimental techniques e.g. magnetiza-. tion measurements, Mossbauer spectroscopy arë needed to support this assumption.
Conclusions
Nanosized spinel phases of various compositions can be synthesized in an RF thermal plasma reactor in spite of the very short residence time of reagents in the hot plasma region. Iron and zinc containing precursors probably first atomise, then vaporize near to the plasma flame. Spinels are forming during the condensation. This mechanism is supported by the Ž . fine 10-30 nm particle size of powders produced. Conversion of the precursors was not complete in the plasma reactor. The quantity of unreacted compounds was smaller in the case of co-precipitated precursors. It stresses the importance of the grain size of precursors. Partial pressure of oxygen can easily be adjusted in the plasma reactor. Thus, zinc ferrous ferrites can also be synthesized in these conditions. XPS analysis indicated a high surface enrichment of Zn in all plasma prepared samples. This finding can be explained by the condensation of ZnO vapors onto the surface of the spinel grains during quenching, but an inhomogeneous distribution of zinc may exist simultaneously in the spinel particles with low zinc content. 
